ABSTRACT: New experimental data on the thermal conductivity of trans- 1-chloro-3,3,3-trifluoropropene (R1233zd(E)) are reported that allow the development of wide-range correlations. These new experimental data, covering a temperature range of 204 K to 453 K at pressures from 0.1 MPa to 67 MPa, are used to develop a correlation for the thermal conductivity. The experimental data reported here have an uncertainty of (1 -1.5) % for liquid measurements and for gas at pressures above 1 MPa, increasing to (3 -4) % for gas at low pressures (less than 1 MPa) and near the gas-liquid critical point. Based on the uncertainty of and comparisons with the present data, the thermal-conductivity correlation for R1233zd(E) is estimated to have a relative expanded uncertainty ranging at a 95 % confidence level from 1 % to 4 % depending on the temperature and pressure, with larger uncertainties in the critical region.
INTRODUCTION

The chemical trans-1-chloro-3,3,3-trifluoropropene, also known as R1233zd(E), CAS
102687-65-0, is an unsaturated hydrochlorofluorocarbon that has been developed as a new foam blowing agent and also as a new refrigerant for use in chillers.
1 R1233zd(E) has been approved by the U. S. Environmental Protection Agency as a blowing agent for expanded foam insulation and a refrigerant in chillers 2 and a solvent for cleaning and as a carrier for adhesives and coatings. R1233zd(E) has a relatively short atmospheric lifetime of 26 days 4, 5 due to the presence of a carbon-carbon double bond in the molecule. This is much lower than the atmospheric lifetime of other refrigerants such as HFC-245fa 6 used in similar applications. 2 It has a global warming potential of 7 relative to carbon dioxide (whose value is 1) at an integration time horizon of 100 years (GWP100), 5 again much lower than other refrigerants such as HFC-245fa 6 used in similar applications. 2 The ozone depletion potential of R1233zd(E) is 0.00024 to 0.00034. 2 R1233zd(E) has low toxicity 7, 8 and is not flammable.
Hulse et al. 1 reported limited experimental data for the critical constants, vapor pressures, saturated-liquid densities, ideal-gas heat capacities, liquid viscosities, and surface tensions of R1233zd(E). Recent work by Mondéjar et al. 9 reports additional experimental data for densities, vapor pressures and sound speeds of R1233zd(E). Based on these data, Mondéjar et al. 9 developed an accurate equation of state for R1233zd(E) that is valid at temperatures from (195 to 550) K and pressures up to 100 MPa. The equation of state of Mondéjar et al. 9 is now available in the NIST REFPROP database program, 10 and is used in the present work for analysis of the thermal conductivity measurements and as the basis for the correlation of the thermal conductivity.
In this manuscript, extensive measurements are reported for the thermal conductivity of trans-1-chloro-3,3,3-trifluoropropene (R1233zd(E)) in its liquid, vapor, and supercritical phases at temperatures from 204 K to 453 K with pressures up to 67 MPa.
Based on these accurate experimental data, a correlation for the thermal conductivities of
R1233zd(E) is developed that covers the liquid, vapor, and supercritical regions. confirmed the purity of 0.99985 mole fraction after the sample was transferred and degassed.
The R1233zd(E) sample for these measurements was also used for measurements of the density, sound speed, and vapor pressure as reported by Mondéjar et al. 9 Since the R1233zd(E) molecule contains a carbon-carbon double bond it is possible that it can polymerize with potential release of HCl and HF. Mondéjar et al. 9 reported results of testing for thermal stability of R1233zd(E) where a sample held at a pressure of 25 MPa and a temperature of 450 K for five days showed signs of decomposition. Mondéjar et al. 9 reported that a thin layer of residue was observed in the reactor after this test and analysis of the recovered sample indicated the presence of HCl and HF. A subsequent test 9 at a pressure of 15 MPa and temperature of 450 K for five days showed no indication of decomposition. Based upon these tests, the upper temperature was limited to 453 K with sample residence time limited to 1h at pressures above 15 MPa.
Transient Measurements.
The measurements of thermal conductivity at temperatures below 345 K were obtained with a transient hot-wire instrument (doublewire) that has previously been described in detail. 13 During an experiment, the platinum hot wires with a diameter of 12.7 µm functioned as both electrical heat sources and resistance thermometers to measure the temperature rise. The measurement cell consisted of a pair of hot wires of differing length operated in a differential arrangement to eliminate errors due to axial conduction. The fluid around the hot wires was contained in the over the period that was fitted to obtain the thermal conductivity.
For gas-phase measurements, two corrections 14-19 must be carefully considered. First, since the thermal diffusivity of the gas is much different from that of the wire, the correction for the wire's finite radius, and length for single wires, becomes very significant.
Second, the thermal diffusivity of the dilute gas varies inversely with the pressure, so it is possible for the transient thermal wave to penetrate to the outer boundary of the gas region during an experiment at low pressures. [14] [15] [16] [17] [18] [19] The preferred method to deal with such corrections is to minimize them by proper design. For instance, the correction for finite wire radius can be minimized with wires of extremely small diameter (4 to 7 m), and penetration of the thermal wave to the outer boundary can be eliminated by use of a cell with an outer boundary of large diameter. However, such designs are often not optimal for a general-purpose instrument, where such extremely fine wires may be too fragile, and large outer dimensions may require too much of a scarce sample, particularly in the liquid phase.
The present transient hot-wire wires require careful correction for the wire's finite radius during such dilute-gas measurements. Also, the measurement duration must be selected to minimize the correction for penetration to the outer boundary due to the relatively small diameter of the concentric fluid region around each hot wire. The full heat 7 capacity correction 15 was applied to the present measurements. Experiments were generally limited to 1.0 s, with 250 measurements of temperature rise as a function of elapsed time relative to the onset of wire heating. Fluid convection was normally not a problem for transient experiments that were 1.0 s duration or less. For a few of the measurements at the lowest pressures, the outer boundary was encountered at elapsed times less than 1.0 s, so the maximum fit period for such experiments was further reduced to minimize the magnitude of this correction. At the lowest pressures, the thermal diffusivity is the highest and the boundary is encountered sooner.
Thermal radiative heat transfer between media at two different temperatures T1 and T2 increases in proportion to absolute temperature cubed, because it is proportional to (T1 4 -
for small temperature differences. For simplicity, the thermal radiation correction was treated as if the samples were transparent to IR radiation. This approximation is considered reasonable, since the magnitude of the radiation heat transfer was insignificant at the maximum temperatures near 452 K.
Steady-State Measurements.
At very low pressures, the transient hot-wire system described above can be operated in a steady-state mode, which requires smaller corrections.
14, 20 The working equation for the steady-state mode is based on a different solution of Fourier's law, but the geometry is still that of concentric cylinders. This equation can be solved for the thermal conductivity of the fluid, , where q is the applied power per unit length, r2 is the internal radius of the outer cylinder, r1
is the external radius of the inner cylinder (hot wire), and T = (T1 -T2) is the measured temperature difference between the hot wire and its surrounding cavity.
For the concentric-cylinder geometry described above, the total radial heat flow per unit length, q, remains constant and is not a function of the radial position. Assuming that the thermal conductivity is a linear function of temperature, it can be shown 20 that the measured thermal conductivity is given by =Ti (1+b(T1+T2)/2). Thus, the measured 
THERMAL CONDUCTIVITY CORRELATION
We represent the thermal conductivity λ of a pure fluid as a sum of three contributions,
where λ0 is the dilute-gas thermal conductivity, which depends only on temperature, ∆λr is the residual thermal conductivity, and ∆λc is the enhancement of the thermal conductivity in the critical region. Both ∆λr and ∆λc are functions of temperature, T, and density, , with 4.1. Dilute-gas thermal conductivity. We represent the dilute-gas thermal conductivity as a polynomial in reduced temperature,
with coefficients Ak, where T is the temperature and Tc is the critical temperature.
Residual thermal conductivity.
We used a polynomial in temperature and density to represent the background, or residual, contribution to the thermal conductivity,
with coefficients Bi,j, where ρ is the density and and ρc is the critical density. This form has been used to represent the thermal conductivity of alkanes, such as the work of Marsh et al. 21 It also has shown to be adequate to accurately represent other fluorinated refrigerants such as R134a 22 , R125 23 , and more recently hydrofluoroolefins such as R1234yf and R1234ze(E). 
where the heat capacity at constant pressure, Cp(T,ρ), is obtained from the equation of state, kB is Boltzmann's constant, R0 = 1.02 is a universal constant, 27 and the viscosity, η(T,ρ), is obtained from an extended-corresponding-states estimation method, 28 as implemented in the NIST database REFPROP; 10 the coefficients are given in the Supporting Information.
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The crossover functions Ω and Ω0 are determined by
The heat capacity at constant volume, CV(T, ρ), is obtained from the equation of state (EOS), and the correlation length ξ is given by
where the critical amplitudes Γ and ξ0 are system-dependent and are determined by the asymptotic behavior of the equation of state in the critical region. The partial derivative ∂ρ/∂P|T is evaluated with the equation of state at the system temperature T and at a reference temperature, TR. For the reference temperature, we select a value where the critical enhancement is assumed to be negligible: TR = 1.5Tc. The exponents γ = 1.239 and ν = 0.63 are universal constants. 26 We have chosen to use values of the critical amplitudes obtained from the generalized method of Perkins et al., 29 Γ = 0.059 and ξ0 = 2.1310 -10 m. The only parameter left to be determined is the cutoff wave number qd (or, alternatively, its inverse, qd -1 ). When data in the critical region are available, this parameter can be obtained by regression of data, as will be done here.
Data Fitting.
In order to obtain the coefficients of the correlation (Ak for the thermal conductivity of the dilute gas in the limit of zero density, Eq. 5, the coefficients Bij in Eq. 6 and the value of qd -1 for the critical enhancement in Eqs. 7-10) we used the fitting program ODRPACK 30 on the complete experimental data set to obtain the coefficients in Table 1 and qd -1 = 0.5980 nm. 4.5. Data Deviations. The present study, comprising 2404 points in the liquid, gas, and supercritical regions from T=204 K to 454 K at pressures to 67 MPa, is the most comprehensive data set available for R1233zd(E). Figure 3 shows deviations between the data and the correlation as a function of density for the gas phase at pressures less than 1
MPa and over the temperature range 302 K to 403 K, while Figure 4 shows the deviations over the entire density range of the measurements, at pressures up to 67 MPa. pressure up to 100 MPa, and we feel the correlation may be safely used over this entire region although the uncertainty may be larger, rising to 5% in regions where no data were available. The uncertainty in the critical region is also larger.
CONCLUSIONS
A total of 2404 points are reported for the thermal conductivity of R1233zd(E) in the liquid, gas, and supercritical regions at pressures to 67 MPa. The experimental data reported here have an expanded uncertainty at a 95 % confidence level of less than 1 % for liquid measurements and 3 % for gas at low pressures (less than 1 MPa), with larger uncertainties in the critical region. Based on these measurements, a correlation is developed for the thermal conductivity surface of R1233zd(E) covering the liquid, gas, and 
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